ABSTRACT-The frequency and i n v a angular power spectra of the emission of ions from a gallium liquid metal ion source has been studied as a function of emission current using an ion streak camera. The camera records the angle and time of arrival of individual ions with a chevron multichannel plate detector. Results indicate that the previously reported decrease in fluctuation power with increasing angular wave number is present at all emission currents between 5 and 75 PA and becomes only slightly more pronounced with increasing source current. There is also a distinct rolloff in fluctuation power with increasing frequency above 200 Mhz, the slope of this rolloff increasing slightly with increasing source current. The total power in the fluctuations is roughly proportional to the axial current density from the source. At emission cumnts greater that 100 PA the emission of individual droplets is evident as "shadows" in the angle-time images. The shapes of these shadows are influenced both by droplet size and charge.
Introduction
For several years it has been known that liquid metal ion sources (LMIS) produce a wide range of particle masses and charges. B varying source parameters, everythiig from atomic ions ['] to ionized clusters[31 [41 
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and large droplets[51 l6 have been observed. These phenomena cannot be completely described using a simple stationary Taylor cone modelr7]. The fact that a liquid is in motion is strongly suggestive that a more dynamic approach to modeling the behavior of these sources is needed, particularly at high emission currents. ~a g u e r [~] models the emission by totally hydrodynamic consuaints, and explains droplet creation as a byproduct of stress-indud cavitation of the liquid metal at the emitting site. Swanson and ICinghamr91 have more recently developed a model for emission based on a fluid cusp which uses both the hydrodynamic 'prgperties of the LMIS and the space charge produced by the ions to limit the current produced by these sources.
When an LMIS emits an ionized cluster of atoms and even more dramatically when it emits a liquid droplet, it is anticipated that the dominant emission of atomic ions will be momentarily disrupted by the geometrical perturbation of the liquid tip and of the electric field acting on it. If this picture is c m t , some non-random time varying behavior is anticipated in the emission of ions (or other species) from the source. This dynamic behavior may be characterized by the reformation time of the emitting region after such a perturbation. In order to clarify the importance of hydrodynamic and space charge effects in the emission process, we have examined the time varying emission properties of these sources to supplement what is already know about their time averaged behavior. This work extends our previously reported results['01 of frequency and inverse angle correlations in the LMIS both by including more detailed results and by including source emission currents from 5 to 125 PA.
Apparatus
The experimental apparatus is illustrated in figure 1 . Atomic ion emission (and emission of clusters and droplets) is produced by applying a bias voltage of several kilovolts between the liquid metal ion source tip (la) and an extractor (lb). From the cylindrically symmetric pattern of total emission, a narrow slit (lc) selects a fan-shaped portion which is 1 mrad in the vertical direction by 140 mrad in the horizontal. Deflection plates (Id) then deflect the beam across a chevron microchannel plate (MCP) particle multiplier (If). The deflection time is adjustable and has been either 100 nsec or 4 and stored for later processing. The camera records all events that have occurred withiin the previous 1/60 sec and the fan of beam spends almost all of that time at one extreme or the other of its &flection. In order to decrease the background of ions striking the MCP during the long dwell time at the extremes, the gain of the MCP is gated to be on only slightly longer than the sweep time across the.plate. A baffle (le) also decreases significantly the number of spurious events that the MCP "sees" from the dwell time extremes.
An image of a single sweep is shown in figure 2 . The sweep time for. this image was 100 nsec. The digitized image is 128 columns (angle bins) by 64 rows (time bins). The actual resolution was 1 mrad in the angle axis (horizontal) by 1 nsec in time (vertical) . The time and angle resolution are somewhat higher than 1/64 of 100 nsec and 11128 of 140 mrad because the beam traverses more than the vertical 0pening.h the baffle in 100 nsec and the total beam is slightly wider than the baffie opening's width. Then is no mass selection in the streak camera, but because the number of atomic ions exceed the total of all other charged particles by more than a factor of IOO[~], the image is formed by the atomic ions. --Each image such as figure 2 is processed to convert it m the frequency and wave number domain using a 2-dimensional fast fourier transform @W') ["] The processing of the image data proceeds as follows. The image is first clipped to remove any edges that are due to the MCP support structure. The intensity average is subtracted from the image to remove its DC value. The image is then windowed in 2 dimensions using the basis functions giving the optimum resolution[121 to minimize the effect of applying the R to a finite sample size[131, and the FFT is calculated. A 2-dimensional power spectrum is calculated for each image. To build up the statistics of the data, these power spectra are averaged over a group of images taken under the same LMIS operating conditions. An average image for this group of images is also calculated by taking a pixel by pixel average of all images in the group. The power specrmm of this averaged image contains only information that is uncorrelated with time fluctuations in the ion beam, since the frame-to-frame time is -1 sec, completely uncomlated with the physical processes of the source. The power spectrum of this average image is subtracted from the averaged power spectra of each set of images to reduce the noise contribution due to gain variations across the MCP.
Results

Power Spectra
A typical 2-D power spectrum is shown in figure 3 for a source current of 5 pA and sweep speed of 100 nsec Figure 3 is the average of power spectra from 1000 images, with the spectrum of the average image subtracted as noted above. There is a strong decrease in power with increasing angular wave number (k), which was described previously, see ref. 10 . There is also a slight rolloff in power with increasing frequency. Figure 3 . Two dimensional power spectra averaged over 1000 frames at 5 pA and 100 nsec sweep. Axes are loglok (angular wave number, the inverse of angle), loglof (frequency), and loglop (power).
Source current was varied from 5 CIA to 75 pA at 100 nsec sweep speed and 1000 images were taken at each of these currents. Figure 4 is a comparison of power vs. frequency at zero k for 4 different currents. Zero k was chosen since it exhibits the strungest frequency dependence of all angular rows. Three things are evident in figure 4 . First, total power increases rapidly between 5 and 10 FA emission current, but less rapidly above 10 FA. Secondly, there is a broad peak in noise power at a frequency of about 31 Mhz and the peak becomes more prominent with increasing source current. Third, power decreases with increasing frequency, and the cutoff frequency is nearly independent of source current. Spectra were also taken at a sweep speed of 4 pec. Figue 5 is the resultant plot at zero k for several different source currents. Some anomalous behavior is evident for 50 and 75 FA at 400 Khz and a broad peak in power is apparent at 2.5 Mhz for a source current of 125 LA. This is the current range in which droplet emission is known to occur. This region exhibits particularly interesting features that are discussed below. The rolloff in power at the highest frequencies in figure 5 has an unreliable slope because of saturation effects in the channel plate. 
Droplet Emission
A single frame image at 125 pA is shown in figure 6 . The dark horizontal rows in the image are the basis of the broad peak in the power spectrum seen in figure 5 at 2.5 Mhz. Additionally, there is a dark streak extending d o w n w d from one of the dark rows on the screen to the bottom of the image (time increases downward). Approximately one such streak is seen per image in the data taken at 125 p i . We interpret these streaks as shadows of droplets which are emitted in the direction of the slot. As the droplet moves away from the emitting @on toward the slot, the angle subtended by the droplet becomes smaller. Since the streak camera directly measures angular width as a function of time, the increasing times yield smaller angles, as shown in figure 7. This phenomena may be modeled as follows. The droplet traveling away from the tip influences the ion beam in two ways. First, the geometric projection of the droplet shadows the gallium atomic ions emitted from the source. This is the dominant effect when the droplet is close to the tip of the LMIS from which the atomic ions are emitted. The droplet also influences the atomic ions through coulomb interactions. The positive charge on the droplet repels the positively charged atomic ions and deflects those that pass close to it by ,m angle that may be substantial on our angular xesolution scale. The sum of these two effects produces a "shadow" which has the shape shown in figure 7 . The time scale of the streak and the transition from the geometrical shadow to the coulomb shadow allows evaluation of both the droplet charge and mass.
It has previous1 been assumed for lack of more specific information that droplets were charged to the Rayleigh limit['d['fl which is given by:
QR is the Rayleigh limiting charge on a droplet of radius r, and surface tension y of the liquid metal. From the volume of the droplet, and its density, p, the radius of the droplet can be related to N, the total number of atoms in the droplet, and m, the mass of a single atom from which where nR is the Rayleigh limit for the number of charges on the dro let and q is the electronic charge. With From the streak shown in the frame of fig. 6 , we calculate1161 that N = 2 . 3~ 10" atoms. If the cluster were charged to the Rayleigh limit, then according to equation (4) n = 3 . 9~ lo5 charges. However, when calculated using the observable transition point between the geometric and coulomb shadows, n = &lo4. It is not HALF ANGLE (mrod) Ffgure 6. An image taken at 125 yA and 4 ysec Figure 7 . A computer generated streak which showing the streak produced by a large droplet.
simulates the streak of fig. 6 . T i e increases downward in the image. The droplet radius is calculated to be -1 pm.
unreasonable to find that the cluster is charged to less than the Rayleigh limit, as the Rayleigh limit is a spherical static equilibrium case which disregards any internal energy which the droplet might have, and ignores the shape and process through which the droplet was formed. It will be interesting to examine the distribution of mass and charge of a large number of individual droplet "sneaks" as this experiment continues.
It is observed that the onset of a streak is accompanied by a dark band completely across the angular width of the image. These dark bands are the basis of the 2.5 Mhz peak in frequency. It is assumed that each of these dark bands correspond to the emission of a droplet. The fact that most of the dark bands are not accompanied by dreaks is possibly due to the dominance of small droplets whose shadows rapidly become too small to be resolved. It may also be due to large droplets whose angles of emission are outside the defining slit ( figure 1, part c) . We interpret the dark bands as indicating that the droplet is close enough to the tip that it is shadowing more that 140 mr for a time of 560 nsec. Alternatively, they may indicate that the atomic ion emission is momentarily interrupted when each droplet is emitted. In the case of the streak in figure 6 , the droplet shadows the entire angular width for 110 nsec, or approximately 2 time bins.
Conclusions
From the data it is clearly seen that the power falls off strongly with increasing k above -280 mr-'. The k rolloff is present and has the same slope at all source currents. This effect was previously described['01 and has been attributed to coulomb interactions between charged particles which are strongly angle correlated if they are eetted close together in time and close together in space from an emission region at the liquid tip only -200A across. A distinct rolloff in f is also observed at high frequency and suggests there is a limiting process with a time constant 51 nsec The slope of the frequency rolloff is also observed to increase slightly for increasing source current.
The LMIS exhibits broad peaks in frequency that are dependent on the emission current of the source. In particular, these peaks occur at 31 Mhz for source currents in the 50-100 p-4 range and at 2.5 Mhz at an emission current of 125 PA. Droplet emission is directly observable using the streak camera and is clearly identified with the 2.5 Mhz peak. The shapes of the streaks allow the charge and mass of the cluster to be deduced. The droplets observed so far are not charged to the Rayleigh limit. Since these droplets have typically been assumed to be charged to the Rayleigh limit in calculating the mass of these droplets (from --. measured *), the deduced mass may be high by a substantial amount. Alternatively in cases for which the
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Rayleigh limit has been used to deduce the contribution that droplets make to the total source current from the total mass transport, our observation of less than the Rayleigh charge makes the droplet contribution to current even smaller.
